INTRODUCTION
============

Accurate chromosome segregation during mitosis is critical to maintain genome stability and prevent aneuploidy. To this aim, assembly of the mitotic spindle must be coordinated with establishment of kinetochore (KT) attachment. The microtubules (MTs) of a bipolar mitotic spindle must interact with the chromosomes so that the two sister KTs on each chromosome interact with opposite spindle poles. This configuration will allow the two sister chromatids to be pulled to opposite ends of the cell upon sister chromatid separation, thus leading to the formation of two daughter cells with the correct chromosome number.

In most higher eukaryote cells interaction between spindle MTs and chromosomes is possible only after nuclear envelope breakdown (NEB). In fact, the nuclear envelope disassembles in early mitosis, and it is only after NEB that the MTs emanating from the centrosomes (spindle poles) can interact with the KTs. It has been known for many years that centrosome separation is not coordinated with NEB ([@B32]; [@B38]). Indeed, in several different cell types centrosome separation is completed before NEB in ∼50% of mitotic cells within the same cell population, whereas in the other 50% centrosome separation is completed after NEB ([@B38]; [@B1]; [@B55]; [@B57]; [@B43]; [@B54]). Several studies showed that both the pre-NEB centrosome separation, referred to as the prophase pathway, and the post-NEB centrosome separation, referred to as the prometaphase pathway, rely on Eg5-dependent MT sliding ([@B56]; [@B46]; [@B42]; [@B51]; [@B52]; [@B59]). However, other mechanisms are specific to each of the two pathways (reviewed in [@B42]; [@B52]). A major mechanism of prophase centrosome separation involves the interaction between astral MTs and the nuclear envelope, possibly mediated by dynein ([@B16]; [@B41]; [@B42]; [@B52]), whereas centrosome separation during prometaphase requires myosin activity at the cell cortex ([@B43]; [@B42]; [@B52]).

Whereas many studies have focused on identifying the molecules and mechanisms required for centrosome separation during these two mitotic stages, it is not known whether incomplete spindle pole separation at NEB will affect subsequent mitotic events such as establishment of KT attachment or chromosome segregation. When centrosomes achieve complete separation in prophase, at NEB the two spindle poles will be at opposite ends of the nuclear space and the MTs will grow from the centrosomes toward the chromosomes symmetrically. Conversely, when the centrosomes are not completely separated at NEB, the two spindle poles will be shifted to one side of the nuclear space and MT growth toward the chromosomes will be asymmetrical. On the basis of these differences, we speculated that incomplete spindle pole separation at NEB might lead to erroneous KT attachment and possibly chromosome missegregation. To test this hypothesis, we used a combination of experimental and computational approaches and investigated KT attachment and chromosome segregation in PtK1 cells with complete versus incomplete spindle pole separation at NEB. We found that cells with incomplete spindle pole separation at NEB exhibit KT misattachments and chromosome missegregation. In addition, our mathematical model showed that two spindle poles in close proximity do not "search" the entire cellular space, and this leads to formation of large numbers of syntelic attachments, which can be an intermediate stage in the formation of merotelic KTs.

RESULTS
=======

Incomplete spindle pole separation at NEB is associated with elevated frequencies of anaphase lagging chromosomes
-----------------------------------------------------------------------------------------------------------------

We first wanted to test the hypothesis that incomplete spindle pole separation at NEB causes KT misattachments and chromosome missegregation. Of all possible KT misattachments (monotelic, syntelic, and merotelic), merotelic attachments (a single KT bound to MTs from two spindle poles instead of just one) are known for not being detected by the spindle assembly checkpoint ([@B24]; [@B58]; [@B61]; [@B9], [@B8]) and can therefore persist through mitosis into anaphase, when they can induce anaphase lagging chromosomes ([@B10], [@B8]). Thus an easy way to test our hypothesis was to determine whether increased frequencies of anaphase lagging chromosomes are found in cells with incomplete versus complete spindle pole separation at NEB. To this aim, we used PtK1 cells expressing green fluorescent protein (GFP)--γ-tubulin (a generous gift from Alexey Khodjakov, Wadsworth Center, Albany, NY; [@B25]). Although these cells were previously shown ([@B12]; W. T. Silkworth and D. Cimini, unpublished results) to complete centrosome separation before NEB \>90% of the time, we fortuitously isolated a subclone of this cell line that exhibited incomplete spindle pole separation at NEB at higher rates and used it for this study. We performed time-lapse experiments in which the cells were imaged from prophase through late anaphase. To discriminate between complete and incomplete spindle pole separation at NEB, we measured the pole-to-pole distance upon NEB (see *Materials and Methods* for details) and at the end of prometaphase. Moreover, we determined the positioning of the centrosomes with respect to the chromosomes prior to and upon NEB. We found that the configuration of centrosome positioning with respect to the chromosomes prior to NEB could fall into four different categories, as diagrammed in [Figure 1A, i--iv](#F1){ref-type="fig"}. In two of these categories ([Figure 1A, i and ii](#F1){ref-type="fig"}), cells exhibited complete centrosome separation prior to NEB, but in one case the centrosomes were positioned along an axis parallel to the substrate ([Figures 1A, i](#F1){ref-type="fig"}, and [2A](#F2){ref-type="fig"}), whereas in the other the centrosomes were positioned along an axis perpendicular to the substrate ([Figure 1A, ii](#F1){ref-type="fig"}, Supplemental Figure S1A, and [Figure 2B](#F2){ref-type="fig"}). Of note, in the latter category the centrosomes repositioned to the central region of the nuclear space at the time of NEB ([Figure 1B, ii](#F1){ref-type="fig"}, Supplemental Figure S1A, and [Figure 2B](#F2){ref-type="fig"}), thus reverting to an unseparated state. In the other two groups either the centrosomes were positioned at the edge of the nuclear space ([Figure 1, A and B, iii](#F1){ref-type="fig"}, Supplemental Figure S1B, and [Figure 2C](#F2){ref-type="fig"}) or one centrosome was positioned at the edge of the nuclear space and the other on the top surface of the nuclear space ([Figure 1A, iv](#F1){ref-type="fig"}, Supplemental Figure S1C, and [Figure 3B](#F3){ref-type="fig"}). In the latter case, the centrosome on the top surface repositioned toward the center of the nuclear space upon NEB ([Figure 1B, iv](#F1){ref-type="fig"}, and Supplemental Figure S1C). Because of the reduced pole-to-pole distance upon NEB (i.e., the time when kinetochore--microtubule interaction becomes possible), cells displaying centrosome configurations like those depicted in [Figure 1B, ii--iv](#F1){ref-type="fig"} (and shown in Supplemental Figure S1), were classified as cells with incomplete centrosome separation. Cells with complete centrosome separation displayed centrosome positioning like that depicted in [Figure 1B, i](#F1){ref-type="fig"} (and shown in [Figures 2A](#F2){ref-type="fig"} and [3A](#F3){ref-type="fig"}). After an initial characterization of centrosome positioning in the overall population, an additional set of cells with incomplete centrosome separation was selectively imaged (see *Materials and Methods* for details) to confirm the results obtained in the initial screening. When all the data were taken together, we found that for cells with incomplete centrosome separation the mean interpolar distance upon NEB was 7.33 ± 2.02 (mean ± SD; N = 50), which was \<75% the distance measured at the end of prometaphase (13.63 ± 1.98 μm; Supplemental Figure S2). In cells with complete centrosome separation the mean pole-to-pole distance was 15.81 ± 4.99 μm (N = 31) upon NEB and 12.63 ± 1.97 μm at the end of prometaphase. Our measurements are consistent with previously reported pole-to-pole distances of 12--15 μm in metaphase PtK1 cells ([@B3]; [@B5]). We also measured the distance across the long axis of the "nuclear space" (i.e., region occupied by the chromosomes) at NEB and found an average size of 16.27 ± 3.39 μm (N = 67). This indicates that, whereas in cells with complete spindle pole separation the centrosomes were positioned at opposite ends of the nuclear space, in cells with incomplete spindle pole separation, the pole-to-pole distance at NEB was less than half that of the nuclear space. This suggests that the positioning of the centrosomes in such cells may cause a single KT to face both spindle poles and thus establish a merotelic attachment, which, if not corrected, will result in a lagging chromosome in anaphase. Indeed, cells with incomplete spindle pole separation upon NEB exhibited high frequencies of anaphase lagging chromosomes, which overall were ∼3.5-fold the frequency of anaphase lagging chromosomes in cells with complete spindle pole separation ([Figures 1D](#F1){ref-type="fig"} and [2D](#F2){ref-type="fig"}). In agreement with previous observations ([@B54]), there was no significant difference in the duration of mitosis for cells with complete versus incomplete spindle pole separation (data not shown). Consistently, numerical simulations showed that at small initial distances between spindle poles, there are more persistent merotelic attachments, but those do not induce a mitotic delay ([@B9]). Monotelic attachments, which can cause a mitotic delay, disappear in the simulations just 2--3 min more slowly in cells with incomplete spindle pole separation compared with cells with initial pole-to-pole distances of 12--15 μm, thus delaying mitosis insignificantly. Taken together, these data reveal that cells that start prometaphase with incompletely separated centrosomes/spindle poles are more likely than those with complete spindle pole separation to exhibit chromosome segregation defects in the form of anaphase lagging chromosomes ([Figures 1D](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}).

![Analysis of centrosome positioning before and immediately after NEB. (A, B) Diagrams showing the different types of centrosome arrangements before (A) and upon NEB (B) in PtK1 cells with complete (i) or incomplete (ii--iv) centrosome separation. The arrow between a shadowed and a dark image of the centrosome in i, iii, and iv indicates that the centrosome could be positioned at any point between the two. Note that in those cases in which the centrosomes achieve positions at the top and bottom of the nucleus before NEB (A, ii), they do not persist in such positions upon NEB, and instead they move toward the center of the nuclear space. See Supplemental Figure S1 for examples of cells with different centrosome configurations. (C) Rates of occurrence of the various configurations of centrosome positioning within the complete (i) and incomplete (ii--iv) spindle pole separation groups. (D) Rates of anaphase lagging chromosomes in cells from each subgroup.](401fig1){#F1}

![Incomplete spindle pole separation at NEB is associated with elevated frequencies of anaphase lagging chromosomes. (A--C) Still images from time-lapse movies of PtK1 cells expressing GFP--γ-tubulin. Phase-contrast images are shown in the top row and single focal plane GFP images are shown in the bottom row. A cell in which the spindle poles were fully separated at NEB is shown in A. In the cell shown in B, the centrosomes were separated along the *z*-axis of the cell prior to NEB (−10:21-min time point; only one centrosome is in focus in the image) but moved toward the center of the nuclear space and in very close proximity upon NEB (00:00-min time point). The same cell exhibits an anaphase lagging chromosome (arrow). In the cell shown in C, the centrosomes were shifted to one side of the nuclear space prior to and upon NEB. One lagging chromosome (arrow) was present in anaphase. (D) Frequencies of anaphase lagging chromosomes in cells with complete and incomplete spindle pole separation at NEB. The Incomplete Set 2 data refer to an additional set of cells with incomplete centrosome separation imaged by four-dimensional (three-dimensional plus time) time-lapse microscopy (see *Materials and Methods* for details). Scale bars, 10 μm.](401fig2){#F2}

![Incomplete spindle pole separation at NEB promotes formation of merotelic kinetochore attachments. (A, B) Examples of GFP--γ-tubulin PtK1 cells imaged by time-lapse microscopy from NEB to late prometaphase, then immunostained for KTs and MTs, relocalized, and imaged by confocal microscopy (far right). A cell with complete spindle pole separation at NEB is shown in A, whereas a cell with incomplete spindle pole separation is shown in B. Insets represent 225% enlargements of the KTs indicated by the arrowheads. (C) The histogram shows that prometaphase cells with incomplete spindle pole separation at NEB exhibit higher (*t* test, p \< 0.01) numbers of merotelic KTs than do cells with complete spindle pole separation at NEB. Error bars represent standard errors of the mean. Scale bars in the time-lapse images, 10 μm. Scale bars in the fixed cell images, 5 μm.](401fig3){#F3}

Incomplete spindle pole separation at NEB promotes formation of merotelic kinetochore attachments
-------------------------------------------------------------------------------------------------

Differences in frequencies of anaphase lagging chromosomes may be due to either differences in the rate of formation ([@B10], [@B12]; [@B28]; [@B44]; [@B15]; [@B47]) or differences in the rate of correction of merotelic KT attachments ([@B13]; [@B14]; [@B2]; [@B53]). To test whether formation of merotelic KTs was more frequent in cells with incomplete versus complete spindle pole separation, we performed a set of experiments in which GFP--γ-tubulin PtK1 cells were followed by time-lapse microscopy from (or before) NEB until mid prometaphase, at which time the cells were fixed and immunostained for KTs and MTs ([Figure 3, A and B](#F3){ref-type="fig"}). The same cells were then relocalized, imaged by high-resolution confocal microscopy, and analyzed to determine the number of merotelic KTs. The mean pole-to-pole distance at NEB in cells with incomplete and complete spindle pole separation was found to be 7.09 ± 2.79 (N = 19) and 15.83 ± 3.86 μm (N = 36), respectively, values comparable to those found in the experiments described earlier. Cells with incomplete spindle pole separation at NEB were found to possess significantly (*t* test, p \< 0.01) higher numbers of merotelic KTs in prometaphase than cells with complete spindle pole separation ([Figure 3C](#F3){ref-type="fig"}). These results show that cells in which spindle pole separation is not complete upon NEB, and which thus undergo spindle bipolarization during prometaphase, are more likely to establish KT misattachments than are cells in which spindle pole separation is complete at NEB. Our data also showed that overall the spindle poles were incompletely separated upon NEB in ∼45% (N = 122) of our PtK1 cell clone, similar to what was found in HeLa, MCDKII, and PtK2 cells ([@B38]; [@B1]; [@B57]; [@B43]; [@B54]; [@B59]), making these cells a good model in which to study this phenomenon.

Merotelic kinetochore attachments can form through a syntelic intermediate
--------------------------------------------------------------------------

We next wanted to understand how incomplete spindle pole separation influences the number and types of KT attachments formed and how merotelic attachments arise. To this aim, we experimentally inhibited spindle pole separation by inhibiting the kinesin Eg5 by a 2 h S-trityl-[l]{.smallcaps}-cysteine (STLC) treatment ([@B48]). We then washed out the STLC and added nocodazole (NOC) to completely disassemble the MTs. Next we washed out the NOC and fixed the cells at regular time intervals ([Figure 4A](#F4){ref-type="fig"}). Pilot experiments were performed to identify the minimum dose of NOC and length of treatment that induced MT disassembly but did not result in centrosome displacement or assembly of ectopic sites of MT nucleation after NOC washout. This experimental design allowed spindle pole separation to occur simultaneously with establishment of KT--MT interactions (i.e., search and capture occurs while the spindle poles are moving apart), as would normally happen in untreated cells. Finally, we determined the number and types of KT attachments at different time points until the end of prometaphase ([Figure 4, B and C](#F4){ref-type="fig"}). We found that at early time points there were large numbers of unattached chromosomes and that the attached chromosomes exhibited either syntelic or monotelic attachments ([Figure 4C](#F4){ref-type="fig"}). At later time points, both merotelic and amphitelic attachments increased, whereas syntelic and monotelic decreased ([Figure 4C](#F4){ref-type="fig"}), suggesting that some of the syntelic attachments were converted into merotelic ones. These results suggest that merotelic attachments can form through a syntelic intermediate and that this mechanism may explain the higher frequency of merotelic attachments in cells with incomplete spindle pole separation compared with cells achieving complete centrosome separation before NEB. The types (monotelic and syntelic) of KT attachments (disregarding the unattached chromosomes) at the early time points of our experiment were very similar to those found in cells arrested with Eg5 inhibitors ([@B21]; [@B26]). Moreover, we performed an experiment in which cells were washed out of STLC after a 2-h treatment, fixed at regular time intervals, and analyzed for numbers and types of KT attachments (initial pole-to-pole distance 0 μm, with presearch). We found that the changes in numbers and types of KT attachments over time (Supplemental Figure S3A) were very similar to those observed in cells in which spindle pole separation and KT attachment occurred simultaneously (initial pole-to-pole distance 0 μm, without presearch). Although this experiment was not representative of the events occurring under physiological conditions, it provided useful information for the development of our mathematical model (see later discussion and the Supplemental Material).

![Pole-to-pole distance at NEB determines the types and numbers of KT attachments that form in early prometaphase. (A) Flowchart of experimental protocol used for the data summarized in C and D. (B) Examples of different types of KT attachments in PtK1 cells. The images are single focal planes or maximum-intensity projections of two to four optical sections around the chromosome of interest. Insets are 150% enlarged views of the KT or KT pair in the boxed region. White and yellow arrowheads denote the unattached and attached sister KT, respectively. White arrow denotes merotelic KT. Scale bar, 5 μm. (C) Frequencies of different types of KT attachments in cells that were first treated with STLC for 2 h, then washed out and incubated in NOC for 30 min, and finally washed out of the NOC and fixed at subsequent time points. In these cells, the spindle poles started at a distance of 0 μm and gradually separated during MT assembly (spindle poles moving apart from 0 μm without presearch). (D) Frequencies of different types of KT attachments in cells that were first treated with STLC for 2 h, washed out and reincubated in STLC-free media for 30 min (to allow the spindle poles to move apart to a distance of 6--7 μm), then incubated in NOC for 30 min, and finally washed out of the NOC and fixed at subsequent time points. In these cells, the spindle poles started at a distance of 6--7 μm and gradually separated during MT assembly (to mimic incomplete spindle pole separation in untreated PtK1 cells). N, number of cells analyzed for each experimental point. For each cell, the type of KT attachment was determined for all the chromosomes (8.98 ± 1.36, mean ± SD) that could be clearly visualized. The numbers in square brackets represent the average pole-to-pole distance (in μm) at each time point.](401fig4){#F4}

Because the pole-to-pole distance upon NEB in untreated cells with incomplete spindle pole separation is never 0 μm, we further modified the experiment. We reincubated the cells in drug-free media between the STLC washout and the NOC treatment to allow enough time for the spindle poles to move apart to a distance of 6--7 μm ([Figure 4A](#F4){ref-type="fig"}), which represents the pole-to-pole distance in untreated cells with incomplete spindle pole separation at NEB (Supplemental Figure S1). We found that an initial pole-to-pole distance of 6--7 μm still resulted in a large number of syntelic chromosomes but overall generated a more random distribution of different types of KT attachments at early time points after NOC washout (see 2.5- and 5-min time points in [Figure 4D](#F4){ref-type="fig"}). It is also noteworthy that in this case, as opposed to when the search starts with spindle poles very close to each other (0-μm distance, [Figure 4C](#F4){ref-type="fig"}), both amphitelic and merotelic attachments formed at early time points, suggesting that merotelic KT misattachments do not necessarily form through a syntelic intermediate. Finally, we also performed the experiment with an initial pole-to-pole distance of 2--3 μm and found that the numbers and types of KT attachments observed at early time points (Supplemental Figure S4) were intermediate between those observed with initial distances of 0 and 6--7 μm. In this case, both amphitelic and merotelic attachments appeared early but at lower frequencies than when the initial distance was 6--7 μm. In all experiments, amphitelic attachments increased over time at the expense of syntelic and monotelic ones, as expected due to attachment of unattached KTs and correction of misattachments. An increase in merotelic attachments was also observed, which may be due to the conversion of syntelic attachments into merotelic ones due to partial correction of syntelic attachments. Finally, it is also worth noting that in all cases (but particularly for the 0- and 2- to 3-μm pole-to-pole distance) there was an initial increase in the number of syntelic attachments (see [Figure 4C](#F4){ref-type="fig"}, 2.5 and 10 min; [Figure 4D](#F4){ref-type="fig"}, 2.5 and 5 min; and Supplemental Figure S4, 2.5 and 5 min). This suggests not only that when the pole-to-pole distance is small chromosomes tend to establish syntelic attachments, but also that correction of syntelic attachments is not efficient when the spindle poles are not fully separated.

Computational modeling reveals that two spindle poles in close proximity do not search the entire cellular space
----------------------------------------------------------------------------------------------------------------

To better understand how initial spindle pole distance affects establishment of KT--MT attachments, we took advantage of a computational model we recently developed to simulate spindle assembly in realistic geometry ([@B37]). We adapted this model to our present experimental system (PtK1 cells) by taking into account a number of parameters, including size of the nuclear space (volume occupied by the chromosomes at NEB), chromosome number, and chromosome size (see the Supplemental Material for information about parameters used in the simulations). We reverse engineered the process of spindle assembly by using the quantitative experimental data described in the preceding section and shown in [Figure 4, C and D](#F4){ref-type="fig"}, and Supplemental Figure S3A. Specifically, we simulated (using the same method as in [@B37]) the stochastic search for KTs by MTs growing from two poles ([Figure 5A](#F5){ref-type="fig"}), the distance between which was changing as in the three experimental setups ([Figure 4, C and D](#F4){ref-type="fig"}, and Supplemental Figure S3A). In the course of spindle assembly, the monotelically attached chromosomes rotated so that the uncaptured KT became shielded from the capturing pole ([@B39]; [@B36]), thereby decreasing the probability of syntelic and merotelic attachments. Furthermore, the monotelically attached chromosomes moved away from the capturing pole, simulating CENP-E--dependent congression of monotelic chromosomes ([@B20]; [@B4]), further decreasing the probability of syntelic and merotelic attachment and increasing the chance of amphitelic attachment by the opposing spindle pole. This bias of monotelic chromosomes to move away from the capturing pole increased with increasing pole-to-pole distances, reflecting the increase in number of k-fibers along which the monotelic chromosomes can move (see the Supplemental Material for details). Time-course simulations performed with such a computational model (details in the Supplemental Material) closely reproduced the experimental results for all initial pole-to-pole distances ([Figure 5, B and C](#F5){ref-type="fig"}) and revealed that there are "blind spots" for each of the poles that are maximal when the poles are in close proximity, in which case each pole essentially searches in its own half-space ([Figure 5, A](#F5){ref-type="fig"} and [D](#F5){ref-type="fig"}). Note that these blind spots are not an artificial assumption but are simply the consequence of the steric hindrance that MTs of one centrosome present for MTs growing from the other centrosome when they are in close proximity. As the distance between the poles increases, each pole "sees" increasing fractions of chromosomes, until, when spindle pole separation is complete (∼10 μm), almost all chromosomes are seen from both poles ([Figure 5D](#F5){ref-type="fig"}). This "shielding" effect would explain our finding that there is a lag phase in the disappearance (correction) of syntelic attachments in cells with incomplete spindle pole separation ([Figures 4, C and D](#F4){ref-type="fig"}, and Supplemental Figures S3A and S4). Indeed, when the spindle poles are very close to each other a syntelic chromosome would likely only be seen by one pole and therefore would keep forming syntelic attachments even if initially corrected. Finally, the mathematical model also explains why merotelic attachments (for which a single KT must be seen by both poles) do not form right away when the spindle poles are in close proximity ([Figure 4C](#F4){ref-type="fig"} and Supplemental Figure S3A) but start forming at early time points for increasing pole-to-pole distances (Supplemental Figure S4 and Figure 4D). The simulations also demonstrated that MTs attached to syntelic chromosomes have to be unstable, detaching after ∼2 min, because otherwise the number of erroneous attachments would be too great. Finally, the model indicates that chromosome rotations and movements toward the spindle equator after the first capture are important for both rapid and accurate spindle assembly.

![Computer simulations of spindle assembly from different initial spindle pole distances can closely reproduce experimental results. (A) Snapshots of computer simulations of spindle assembly in a cell with incomplete spindle pole separation at NEB (top). MTs from different poles are shown in green and red to differentiate between their spindle pole of origin. Unattached KTs are blue; captured KTs are green. The complete separation of MTs coming from opposite poles in the top image is an exemplification of the "shielding" effect occurring between the two poles when the pole-to-pole distance is very small (see the text for details). (B, C) Time-course simulations of spindle assembly in the presence of a shielding effect between the two centrosomes. (B) Simulation starting with a spindle pole distance of 0 μm (as in [Figure 4C](#F4){ref-type="fig"}). (C) Simulation starting with a spindle pole distance of 6 μm (as in [Figure 4D](#F4){ref-type="fig"}). The simulation results closely reproduce the experimental results both at the initial pole-to-pole distance of 0 μm and at an initial distance of 6 μm. (D) The graph shows the correlation between pole-to-pole distance and the fraction of chromosomes seen from both poles.](401fig5){#F5}

It is worth noting that the model invoking the shielding effect ([Figure 5D](#F5){ref-type="fig"}) between the two spindle poles could reproduce the experimental results significantly better than alternative models, especially for very small initial pole-to-pole distances. Indeed, a model in which the two poles were allowed to search in the whole space (i.e., no shielding effect; Supplemental Figure S5, A and B) could not reproduce the experimental results in the case of an initial pole-to-pole distance of 0 μm (Supplemental Figure S5A). Specifically, this model resulted in the formation of larger numbers of merotelic KTs at early time points and low numbers of amphitelic KTs at later time points (compare [Figure 4C](#F4){ref-type="fig"} and Supplemental Figure S5A). Results that better fit the experimental data were obtained when the latter model was modified by allowing merotelic and amphitelic KTs to frequently disassemble at small interpolar distances and to become more stable with increasing pole-to-pole distances. Although this modification produced better results (Supplemental Figure S5, C and D), it could not reproduce the changes in frequency of monotelic and syntelic attachments over time for cells starting with an initial pole-to-pole distance of 0 μm (compare [Figure 4C](#F4){ref-type="fig"} and Supplemental Figure S5C).

Finally, we computationally tested additional conditions to account for observations reported in previous studies. Specifically, we varied the inter-KT angle to simulate spindle assembly in the presence of "plastic" KTs ([@B29]), we increased the KT target size to simulate the long k-fibers that form in cells arrested in mitosis by Eg5 inhibition ([@B26]), and we introduced small unevenness in chromosome distribution. None of these modifications led to better fits of the model results to the experimental data (see the Supplemental Material for details). This does not necessarily mean that the phenomena tested do not play any role in the spindle assembly process, but that they may be more subtle than the other mechanisms/processes considered in this study and/or that the information about dynamic correlations between chromosome and centrosome positions and KT orientations in our hands is insufficient to detect an effect.

DISCUSSION
==========

Incomplete centrosome separation at NEB and kinetochore misattachment
---------------------------------------------------------------------

Our data reveal that the degree of centrosome separation upon NEB plays a critical role in determining the number and types of KT attachments that form in early prometaphase. Specifically, we showed that when the centrosomes are not located at opposite ends of the *xy-*axis of the nuclear space at NEB there is an increase in formation of KT misattachments ([Figures 3](#F3){ref-type="fig"} and [4, C and D](#F4){ref-type="fig"}) and consequently an increase in chromosome missegregation ([Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). Our data also indicate that incomplete spindle pole separation at NEB can lead to the formation of merotelic attachments through two different mechanisms ([Figure 6](#F6){ref-type="fig"}): 1) when the spindle poles are very close to each other (\<2--3 μm), chromosomes tend to become syntelically attached ([Figure 6A](#F6){ref-type="fig"}). Merotelic attachments will then be formed by partial correction of syntelic attachments during spindle bipolarization ([Figure 6A](#F6){ref-type="fig"}, third and fourth steps). Indeed, our in silico data indicate that syntelic attachments are much more unstable than merotelic and amphitelic ones. This suggests that, in vivo, syntelic attachments may be corrected more efficiently than merotelic ones, as previously suggested by others ([@B27]; [@B35]; [@B60]). Such an efficient correction may in turn explain why merotelic attachments are observed much more frequently than syntelic ones in tissue culture cells ([@B18]; [@B7]). Efficient correction of syntelic attachments may also be required for spindle bipolarization. Indeed, if Aurora B kinase is inhibited in PtK1 cells recovering from an STLC arrest, both correction of syntelic attachments and bipolarization are inhibited/delayed in most cells (W. T. Silkworth, I. K. Nardi, and D. Cimini, unpublished results). 2) If the spindle poles are incompletely separated upon NEB but far enough from each other (≥2--3 μm), then merotelic attachments can also form through a second mechanism ([Figure 6B](#F6){ref-type="fig"}), in which a single KT would be seen by and establish attachment with both spindle poles directly, without going through a syntelic intermediate. Of interest, even though a certain degree of centrosome separation (6--7 μm) is always achieved before NEB, in many cells (∼45%) this separation does not reach the maximum possible distance. Such partial spindle pole separation is enough to increase the rate of KT misattachment formation and chromosome missegregation compared with cells exhibiting complete spindle pole separation (\>10 μm) at NEB ([Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}).

![Merotelic KT attachments can form through two different mechanisms in cells with incomplete spindle pole separation at NEB. (A) When the spindle poles are very close to each other, chromosomes tend to become syntelically attached. Merotelic attachments will then be formed after partial correction of syntelic attachments during spindle bipolarization (third and fourth steps). (B) If the spindle poles are incompletely separated but far enough from each other, a single KT can be seen by and establish attachment with both spindle poles right away, without going through a syntelic intermediate.](401fig6){#F6}

Prophase versus prometaphase centrosome separation
--------------------------------------------------

As described here and in other studies ([@B38]; [@B1]; [@B57]; [@B21]; [@B43]; [@B23]; [@B54]), spindle length and/or structure at the end of prometaphase are not affected by the position of the centrosomes at NEB because centrosome separation can be completed after NEB. It has been proposed that there is substantial redundancy during bipolar spindle assembly aimed at ensuring accurate chromosome segregation ([@B42]; [@B52]), and the existence of mechanisms that allow completion of centrosome separation either in prophase or in prometaphase was believed to exemplify such redundancy ([@B57]; [@B22]; [@B54]). However, we show here that, although cells in which centrosome separation is not completed before NEB do not exhibit permanent defects of spindle organization or structure, they do exhibit increased rates of chromosome missegregation compared with cells in which centrosome separation is completed before NEB. Thus the mechanisms responsible for prometaphase centrosome separation may represent a backup system that ensures progression of mitosis in spite of the potential risk. Of interest, during the early stages of embryonic development, the spindle poles are completely separated at NEB ([@B41]; [@B42]), indicating that prophase centrosome separation is highly prevalent in this context. It is likely that the completion of centrosome separation before NEB at this stage of development ensures the accuracy of chromosome segregation required for development of a healthy adult organism. Similarly, RPE1 cells, known for maintaining a stable diploid chromosome number, were found to achieve complete centrosome separation prior to NEB 100% of the time ([@B30]).

Although traditionally the existence of two different pathways has been invoked to explain how centrosome separation can be completed either before or after NEB, our data on the pole-to-pole distance upon NEB (Supplemental Figure S2) do not seem to support a two-pathway model. Indeed, if centrosome separation occurred through one of two alternative pathways, one would expect to find a bimodal distribution of pole-to-pole distances at NEB. Instead, we found a continuous distribution of distances upon NEB, suggesting that there are not two distinct pathways, but rather a number of mechanisms, some of which can be used in prophase (MT/nuclear envelope interaction), some in prometaphase (myosin activity at the cell cortex), and some in both (Eg5-dependent MT sliding). Nevertheless, it does appear that at least in some cell types centrosome separation and NEB are sufficiently uncoordinated that the number of cells in which centrosome separation is incomplete at NEB is relatively high ([@B38]; [@B1]; [@B55]; [@B57]; [@B43]; [@B54]). At this time we have only limited information on how prevalent incomplete centrosome separation at NEB is in different cell types. However, we have preliminary data showing that in several different cancer cell lines a large proportion of cells exhibit incomplete centrosome separation in early mitosis (W. T. Silkworth, I. K. Nardi, and D. Cimini, unpublished results). Thus it is possible that under normal conditions (e.g., early development and untransformed or primary cells) there would be a selective pressure against delayed centrosome separation due to its association with chromosome missegregation and aneuploidy, which may, in turn, reduce cell viability. However, situations in which there are high proliferation rates and misregulation of many physiological pathways, as in cancer cells, centrosomes may fail to achieve complete separation before NEB much more frequently. Of interest, incomplete spindle pole separation in cancer cells may represent a mechanism associated with chromosomal instability in addition to previously identified ones, such as transient spindle multipolarity ([@B15]; [@B47]) and inefficient correction of KT misattachments ([@B2]).

Why does incomplete spindle pole separation at NEB induce kinetochore misattachments and chromosome missegregation?
-------------------------------------------------------------------------------------------------------------------

The work presented here indicates that if the centrosomes are not in diametrically opposed positions along the *xy*-axis of the nuclear space at the time of NEB, KTs are likely to establish erroneous attachments ([Figures 3--5](#F3 F4 F5){ref-type="fig"}). A consequence of the high rates of misattachment formation is chromosome missegregation at later mitotic stages ([Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). Specifically, high rates of merotelic KT formation are expected to result in high rates of chromosome missegregation ([@B12]; [@B15]; [@B47]) because merotelic KT attachments are not detected by the spindle assembly checkpoint ([@B24]; [@B58]; [@B61]; [@B9], [@B8]). Over the years, several different factors have been shown to promote KT misattachments (in particular merotelic). These include altered centromere/chromosome architecture ([@B50]; [@B11]; [@B17]; [@B45]; [@B31]) and defects in mitotic spindle morphology/assembly ([@B19]; [@B49]; [@B15]; [@B37]; [@B47]). In this study, we show that a delay in spindle bipolarization also leads to increased rates of merotelic KT formation ([Figures 3--5](#F3 F4 F5){ref-type="fig"}). Specifically, both our experimental and computational data show that cells with incomplete spindle pole separation upon NEB establish a large number (20--60%) of syntelic attachments ([Figures 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"} and Supplemental Figure S4). However, our data suggest that it is not the prometaphase bipolarization per se that induces KT misattachment but rather the relative positions of the two centrosomes/spindle poles at the time of NEB with respect to the nuclear space. In fact, if the two spindle poles are not completely separated upon NEB, the early prometaphase spindle will be skewed and/or will have spindle poles positioned very close to each other. In two types of centrosome positioning configurations ([Figure 1B, iii and iv](#F1){ref-type="fig"}) we observed both a reduced pole-to-pole distance and a skewed placement of the centrosomes toward one-half of the nuclear space. In a third type, initially separated centrosomes ([Figure 1A, ii](#F1){ref-type="fig"}) moved to the center of the nuclear space upon NEB ([Figure 1B, ii](#F1){ref-type="fig"}), which resulted in a symmetrical configuration but in very short pole-to-pole distance. This behavior was observed in only a small number of cells (\<5% of the overall mitotic cell population), and it appears to exemplify a difference between PtK1 cells and several human cell types. Indeed, it was previously shown that in human cells the centrosomes can reach diametrically opposing positions along the *z*-axis before NEB. As opposed to what we observe in PtK1 cells, in human cells the centrosomes persist in those positions after NEB, and the spindle assembles perpendicular to the substrate ([@B6]; [@B33]; [@B34]; [@B30]). This results in the chromosomes at the metaphase plate frequently appearing in what is known as a wheel-shaped rosette ([@B34]) or the toroidal configuration ([@B30]). In our cells, when the centrosomes are positioned along the *z*-axis prior to NEB, they move toward the center of the nuclear space upon NEB ([Figure 1, A and B, ii](#F1){ref-type="fig"}, and Supplemental Figure S1A), thus preventing spindle assembly perpendicular to the substrate. As a result, we never observed metaphase PtK1 cells with chromosomes in a rosette configuration. Thus, in human cells prophase centrosome separation along the *z*-axis is not expected to affect KT attachment or chromosome segregation ([@B30]). Conversely, in PtK1 cells centrosome separation along the *z*-axis is not maintained upon NEB, and therefore it results in short pole-to-pole distances upon NEB, which are associated with KT misattachment and chromosome missegregation (this study). In summary, we find that incomplete centrosome separation upon NEB can result in asymmetrical positioning of the spindle poles with respect to the nuclear space at the onset of prometaphase and in all cases is characterized by a short pole-to-pole distance. As indicated by our mathematical model, the two spindle poles can only see a fraction of the chromosomes at short pole-to-pole distances ([Figure 5D](#F5){ref-type="fig"}), and this gives rise to large numbers of KT misattachments.

Recent studies showed that transient spindle multipolarity promotes formation of merotelic attachments in cancer cells ([@B15]; [@B37]; [@B47]). Like transient multipolarity, incomplete spindle pole separation upon NEB leads to a temporary geometric defect of the mitotic spindle. However, although both situations will result in elevated rates of chromosome missegregation, they are mechanistically very different. In the case of a cell with two unseparated centrosomes, each chromosome can likely be seen by only one centrosome, and this results in high frequencies of syntelic attachments. Conversely, within a multipolar spindle each chromosome is likely seen by more than one centrosome, favoring merotelic attachment over syntelic.

MATERIALS AND METHODS
=====================

Cell culture and drug treatments
--------------------------------

Both PtK1 cells (a generous gift from Ted Salmon, University of North Carolina, Chapel Hill, NC) and PtK--GFP--γ-tubulin (a generous gift from Alexey Khodjakov, Wadsworth Center, Albany, NY) were maintained in Ham\'s F-12 medium (Life Technologies, Carlsbad, CA). The culture medium was supplemented with 10% fetal bovine serum, penicillin, streptomycin, and amphotericin B (antimycotic). Cells were grown in a 37°C, 5% CO~2~, humidified incubator. For experiments, cells were grown on sterile coverslips inside 35-mm Petri dishes. Cells at ∼80% confluency were incubated in media containing 20 μM STLC for 2 h and either fixed (0 μm with presearch) or washed out of the drug. STLC washout was performed by washing the cells in fresh media four times. After washout, cells were either immediately incubated in media containing 6 μM NOC for 30 min (0 μm without presearch) or reincubated in drug-free media for 15 min (2--3 μm without presearch) or 30 min (6--7 μm without presearch) before the NOC treatment. NOC was then washed out, and cells were either fixed immediately (2.5 min) or reincubated in drug-free media and fixed at regular time intervals.

Fixation and immunostaining
---------------------------

Cells were rapidly rinsed in 1× PHEM buffer (60 mM PIPES, 25 mM Hepes, 10 mM EGTA, 2 mM MgCl~2~) and incubated in ice-cold 95% methanol with 5 mM ethylene glycol tetraacetic acid for 5 min first and then again for 20 min at −20°C. Subsequently, cells were washed in phosphate-buffered saline (PBS) and then blocked in 10% boiled goat serum for 1 h at room temperature. The coverslips were then incubated overnight at 4°C in primary antibodies diluted in 5% boiled goat serum. Cells were finally washed in PBST (PBS with 0.05% Tween 20), incubated in secondary antibodies diluted in 5% boiled goat serum for 1 h at room temperature, washed again, stained with 4′,6-diamidino-2-phenylindole, and mounted in an antifade solution containing 90% glycerol and 0.5% *N*-propyl gallate. Primary antibodies were diluted as follows: human anticentromere antigen (Antibodies Incorporated, Davis, CA), diluted 1:100; mouse anti--α-tubulin (DM1A; Sigma-Aldrich, St. Louis, MO), diluted 1:500. Secondary antibodies were diluted as follows: X-rhodamine goat anti-human (Jackson ImmunoResearch Laboratories, West Grove, PA), diluted 1:100; and Alexa 488 goat anti--mouse (Molecular Probes, Invitrogen, Carlsbad, CA), diluted 1:400.

Live-cell imaging
-----------------

Ptk1 cells expressing GFP--γ-tubulin were grown on coverslips to ∼70% confluency and mounted into a Rose chamber ([@B40]) with a top coverslip. The chamber was injected with L-15 medium supplemented with 4.5 g/l glucose. Experiments were performed on a Nikon (Melville, NY) Eclipse Ti inverted microscope equipped with phase-contrast transillumination, transmitted light shutter, Lumen 200PRO fluorescence illumination system, ProScan automated stage (Prior Scientific, Rockland, MA), and HQ2 CCD camera (Photometrics, Tucson, AZ). Cells were maintained at ∼36°C by means of an Air Stream stage incubator (Nevtek, Williamsville, VA). Image acquisition, shutters, *z*-axis position, and Lumen 200PRO fluorescence illumination system were all controlled by NIS Elements AR software (Nikon) on a PC. To determine the time of NEB, the cells were monitored by phase contrast every 1--2 min, whereas simultaneous phase contrast and fluorescence images were acquired at a single focal plane every 3 min for a 1- to 2-h period with a Plan Apochromatic 60×, 1.4--numerical aperture (NA) phase-contrast objective. Extra images were acquired immediately following NEB, at which time the positions of the centrosomes were also recorded. To record the centrosome coordinates prior to and upon NEB, the experiment was manually switched from time-lapse to live imaging, the centrosome positions were identified by focusing up and down along the *z*-axis, and the coordinates were recorded. Time-lapse imaging was then resumed. To further confirm centrosome positioning and pole-to-pole distances, an additional set of cells with incomplete spindle pole separation was imaged by four-dimensional (three-dimensional plus time) microscopy. For these cells, *z*-series optical sections were obtained in seven 1.2-μm steps using a Plan Apochromatic 60×, 1.4-NA phase-contrast objective. After completion of spindle pole separation, images were acquired at a single focal plane to follow the cells into anaphase. The collected images were subsequently analyzed to 1) determine centrosome positions with respect to the nuclear space, 2) measure pole-to-pole distances before and upon NEB, and 3) determine the chromosome segregation phenotype. For relocalization experiments, cells were grown on coverslips photoetched with an alphanumeric grid pattern (Electron Microscopy Sciences, Hatfield, PA) and imaged until mid prometaphase (∼10 min after NEB), at which time the specific alphanumeric grid was recorded, and the cells were removed from the microscope and immediately fixed and immunostained as described. After immunostaining, cells were relocalized (using previously recorded alphanumeric grid), imaged, and analyzed as described in the following section.

Confocal microscopy and image analysis
--------------------------------------

Immunofluorescently stained cells were imaged with a Swept Field Confocal system (Prairie Technologies, Middleton, WI) on a Nikon Eclipse TE-2000U inverted microscope. The microscope was equipped with a 100×, 1.4-NA Plan Apochromatic phase-contrast objective lens, phase-contrast transillumination, transmitted light shutter, and automated ProScan stage (Prior Scientific). The confocal head was equipped with filters for illumination at 488, 568, and 647 nm from a 400-mW argon laser and a 150-mW krypton laser. Digital images were acquired with an HQ2 CCD camera (Photometrics). Image acquisition, shutter, *z*-axis position, laser lines, and confocal system were all controlled by NIS Elements AR software (Nikon) on a PC. The *z*-series optical sections through each cell analyzed were obtained at 0.6-μm steps. For determination of the numbers of merotelic KTs in relocalized cells and unattached, monotelic, amphitelic, syntelic, and merotelic attachments in the fixed-cell time-course experiments, acquired images were analyzed as previously described ([@B47]).
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KT

:   kinetochore

MT

:   microtubule

NEB

:   nuclear envelope breakdown

NOC

:   nocodazole

STLC

:   S-trityl-[l]{.smallcaps}-cysteine
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